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PREFACE

The initial co-sponsored Air Force Systems Command/Naval
Material Command Science and Engineering Symposium was held at the
Naval Amphibious Base, Coronado on 16 - 19 October 1978. The theme
of the 1978 Symposium was "Advanced Technolog1es - Key to Capab111t1es
at Affordable Cost."

‘The objectives of this first Jo1nt Navy/A1r Force Sc1ence and
Engineering Symposium were to: _

Provide a forum for military and civilian laboratory

. scientific and technical researchers to demonstrate

the spectrum and nature of 1978 achievements by their
services in the areas of

Armament . Human Resources
Avionics . Materials
Basic Research . Propulsion

Flight Dynamics

"Recognize outstanding technical achievement in each

of these areas and select the outstanding technical

- paper within the Navy and the Air Force for 1978

Assist in placing the future Air Research and
Development of both services in correct perspective
and to promote the exchange of ideas between the Navy
and Air Force Laboratories :

Stress the need for imagination, vision and overa]]
excellence within the technology community, assuring
that the air systems of the future will not only be
effective but affordable.

Based upon the success of the initial ddint symposium (which
was heretofore an Air Force event), future symposia are planned with
joint Navy/Air Force participation.
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ABSTRACT

The Airborne Electronic Terrain Map System (AETMS) is a compact,
low cost system capable of generating real-time displays. It couples
directly to the aircraft's navigational computer and, in effect, auto-
mates the map reading process. It uses state—of-the-art components and
Defense Mapping Agency data bases. The system architecture is quite
general and can be adapted for different applications; its core elements
can be easily shared in different user configurations.

The United States Air Force Avionics Laboratory (AFAL) has a pro-
gram to develop a brassboard prototype of this system. The feasibility
of the AETMS has already been partially established by simulation of the
architecture on a general purpose computer at AFAL. This simulation has
been extended to display terrain information in near-real-time on a CRT
linked to the computer. The displays are generated from stored poly-
nomial terrain models developed at the United States. Army Engineer Topo-
graphic Laboratory.

The flexibility of electronic terrain maps, compared to paper and
film maps, lends itself to many Air Force applications. Low-level ter-
rain displays are the most obvious, while others include prediction of
terrain problems beyond the immediate horizon, new methods of obtaining
navigational fixes at low altitudes, and terrain navigational systems
not constrained to fixed flight profiles.




Introduction

The USAF Avionics Laboratory (AFAL) is currently developing an Air-
borne Electronic Terrain Map System (AEIMS). This effort was originally
motivated by the desire to reduce map reading chores during low level
missions in single seat aircraft (Figure 1). In this highly dynamic en-

- vironment, the task of correlating navigational data with paper maps in

order to visualize terrain is more difficult than usual. This paper
briefly describes the approaches, results, and status of our efforts
toward automating the map reading process for pilots. (Reference 1

gives a more comprehensive discussion of AETMS.) . ' L

Our primary goal is to develop a black box which will contain a
large area map along with specialized hardware and software for acces-
sing the terrain data in real-time. Ground-based computers can fulfill
this function, but no such system exists with the size, speed, and
flexibility required for economical employment in the airborne environ-
ment.

Our second goal is to develop an airborne display system which will
generate dynamic terrain displays using output data from the electronic
map. Even though the electronic map can be used to generate a great
variety of displays, the airborne display generator must, in order to
keep complexity at a minimum, use simple algorithms to address the prob-
lem of real-time conversion of streams of elevation data into display
signals. The results should not be expected to achieve state of the art
realism in computer generated imagery; however, computer simulation
tests have produced some remarkably good terrain displays with the fast,
simple algoritlms suitable for airborne systems.

Terrain Modeling

|

The standard level 1 digitized terrain data base developed by the
Defense Mapping Agency (DMA) is available and adequate for an airborne
map system. The standard format is 600 elevation values, each com—
prised of 16 bits, to represent approximately one square mile (9600 bits
per square mile). It is readily apparent that large areas require huge
amounts of data. Attempts to reduce this amount by thinning out the ma-
trix of elevation values result in increased errors. .

‘As an alternate approach, elevation values are not stored directly;
instead, locally valid analytic surface models, polynomials, are used.
The polynomial modeling techniques developed at the Army Engineer Topo-
graphic Laboratories (ETL) use smoothly joining surface functions which
reduce the DMA data without reducing data accuracy (Reference 2). 1In
this approach, polynomial co-efficients are stored in a digital memory
and these can then be used to compute the elevation of any point.




Imagine a two-dimensional coordinate grid covering a map surface
and sectioning the surface into patches of approximately 0.2 by 0.2
miles. In other words, each square mile is covered by a set of 25
patches. The corners of these patches (or the intersections of grid
lines) are called nodes. In the polynomial models, a set of co-effi-
cients is associated with each node and characterizes a bivariate poly-
nomial centered at the node. This bivariate polynomial has a domain of
validity over the four adjacent patches having the node as a common cor-
ner.

Given a desired sample position within a patch, the data at its
four nodes must be weighted. These weights are functions of the rela-
tive position (patch coordinates) of the sample with respect to each of
the four nodes. The advantage in data reduction of using polynomials
i1s paid for by an increase in computational complexity. For discrete
values, the weighted average is equivalent to a bilinear interpolation.
With polynomials, each of the four nodal polynomials must be evaluated
at the sample point and then averaged to yield a valid elevation value.

Current working estimates for the airborne data base are:
25 patches per square mile.

34 bits per set of four polynomial co-efficients
(a, b, ¢, d), where the bivariate polynomials have
the form a + bx + cy + dxy.

6 bi?s per patch to encode cultural features.

This is equivalent to 1,000 bits per square mile, including cultural
data. This is large, but significantly smaller than the standard den-
sity of 9,600 bits per square mile for encoding elevation data only.
On-going studies at ETL suggest that even further reductions may be pos-
sible. DMA, ETL, and AFAL are cooperating in further improvements to
the airborne data_base.

Electronic Map Implementation

Memory technology provides a choice of high density memory packages
in which to store the data base. Storage of a very large; i.e., global,
terrain map may even require a combination of memories, such as a mag-
netic bubble memory backed up with archival data on magnetic tape. Bub-
ble memory is particularly attractive because it is relatively inexpen-
sive, rugged, and non-volatile. Current 16 megabit prototype packages,
developed for AFAL by Texas Instruments, have storage capacity for a
regional map of 16,384 square miles. Magnetic tape could be used to
periodically update such a bubble memory. Programs are under way to
significantly increase the packing density of the bubble memory In the
early 1980's.




The airborne system is designed to achieve a sampling rate of one
million elevation samples per second. This rate should be adequate for
most real-time applications. Achlevement of this rate in a compact,
low cost, airborne system operating in a dymamic environment, however,
presents several major difficulties.

To sample every microsecond, four polynomials need to be computed
and averaged every microsecond. - This is achievable only- with a cus-
tomized parallel processor known as a polynomial generator. The major
problem here is the reconciliation of the slow access times inherent in
mass memories with very fast parallel data transfer and processing
(Figure 2). Block access time into bubble memories is one or two mil-
liseconds, which is reasonably good time for mass memories, but too
slow to drive the polynomial generator. :

'We can speedily access data, however, if it is temporarily stored
in a dual port fast memory buffer with a parallel output data channel.
This fast memory buffer acts as a dynamic window for the global model
in mass memory and contains all relevant patch data in the immediate
vicinity of the moving ajrcraft.

The design of this dynamic buffer involves the reconciliation of
opposing goals and requirements; namely, (1) providing sufficient agi-
lity to enable the buffer to adapt and respond to signals describing -
curvilinear trajectories, (2) minimizing I/O interference between the
updating and accessing processes, (3) keeping the buffer capacity
within the minimum necessary to insure the containment of a preselected
usable window area. Knowing the characteristics of trajectory dynamics,
one can always select a buffer memory of sufficient size to insure ful-
fillment of (1) and (2). -

To avoid significant and undesirable pauses (or down times) in data
accessing, some excess buffer capacity is always required in a dynamic
buffer. As an extreme measure, the buffer size can approach the size of
the mass memory. The fast buffer memory system designed at AFAL repre-
sents a significant breakthrough for the airborne map and display system
in Figure 3. The buffer's capacity can be minimized with respect to any
given window size. In addition, it can be economically constructed with
off-the-shelf components and with ordinary fabrication and packaging
techniques. :

The minicomputer executive depicted in Figure 3 is generally res-
ponsible for low frequency chores, such as external input to the mass
memory, interaction with the navigational computer, tracking the dynamic

_ window, and initializing the update and scan controllers. Once initia-

lized, the update controller is responsible for refreshing the buffer
memory due to shifts in the window position.




Each scan pattern generated by the electronic map consists of sam-
ples taken along a set of line segments which are specified by the mini-
computer. The scan controller determines map coordinates for each sam-
ple, the buffer address, local patch coordinates, and weights for each
node. For each sample point, it initiates transfer of buffered data
over a parallel data channel directly to the parallel processor and also
sends the patch coordinates and weights over separate data channels.
Data at four neighboring nodes are sequentially accessed and processed
in order to reduce the number of processing elements and size of data
channels. (Presently, additional circuitry to generate samples along
non-linear segments is not justified by any known requirements.)

Both the update controller and scan controller have special elec-
tronic circuits to perform their respective functions automatically,
which greatly eliminates data management problems. Together, they han-
dle the high frequency calculations for the system. The memory control
system has been carefully integrated so that both controllers share con-
tinual access to the fast buffer memory and the scan’ controller can ac-
cess all data’ at -a grid node with a single buffer address.

The polynomial generator architecture, also designed at AFAL, can
accept all data into its first level of processing elements and compute
weighted averages in pipeline fashion. A stream of elevation values can
be directed to various application modules, such as the- ‘display genera-
tor shown in Figure 3.

To achieve a one megahertz throughput rate, memory cycle and para-
llel multiply times of 250 nanoseconds are required. With faster com-
. ponents, throughput rates increase proportionally.

Displays

Figure 4 illustrates two typical sampling patterns for display pur-
poses. Sample spacing, Ap, need not be uniform as depicted in the dia-
grams. Position, orientation (o ), or type of pattern makes little
difference to the data managemen%agechniques employed in the memory con-
trol system. In other words, the time necessary for completing a scan-
ning pattern is proportional to the number of samples in the pattern.

Either the radial or the parallel scan format can be used to
generate a moving contour display in which brightness or color varies
with surface elevation (Figure 5). This contour display can be compared
with sensor data and used to fill in the radar shadows. ‘It enables the
pilot to look ahead, "see" behind hills, and plan his maneuvers. Natu-
rally, one can combine other information with this display, such as
navigation and target cueing information.




|
|

The radial scan pattern has been used to generate perspective dis-
plays, which are more graphic than the contour display and also more
difficult to generate in real-time. A simple masking algorithm can de-
termine, by comparing successive samples along a radial, whether or not
da sampled position is masked by intervening terrain. It can also flag
points just on the verge of being masked. These points are used to de-
pict the ridge lines in the upper diagram in Figure 6. This austere
format is suitable for a heads~up display. Ridge lines above the air-
plane symbol are above the aircraft's altitude. In the bottom format,
sky shading and visible range lines (contouring) provide additional in-
formation about the surface.

The dynamic contour and perspective formats are typical of the dis-
plays which have been explored at AFAL with computer simulations. Cur-
rently, software is successfully simulating some of the buffer manage-
ment techniques intended for the airborne system on a general purpose
PDP 11/45. This software enables us to continually access a DMA data
base stored on a magnetic disk and generate near real-time dynamic dis-
plays whose altitude and heading are controlled interactively with a joy
stick. With the current system configuration, the PDP 11/45 is com—
puting display symbology at a faster rate than can be transmitted over
the data channel to a RAMTEC 9300 display refresh memory. Plans are
under way to improve our throughput processing rate with a specialized
refresh memory system directly coupled to a: peripheral MAP 200 Array
Processor.

The airborne display generator will implement in hardware the real-
time algorithms being developed at AFAL. Its design will be finalized
after interactive (hands-on) simulation experiments, human factors analy-
8is, and flight testing. The exploration of optimal display formats is
being pursued in cooperation with ETL and the Air Force Aerospace Medical
Research Laboratory.

DMA is providing a digital model of the moving terrain belt system
being added to the avionics simulation complex at the Air Force Avionics
Laboratory's System Avionics Division. This will provide a uniqse faci-
lity for testing pilot reactions to various display formats in a realis-
tic cockpit simulator.

A major program is under way to design and build a brassboard pro-
totype of the airborne system within the next two or three years. This
will be evaluated at AFAL and then undergo limited flight testing.

Conclusion

We have presented a brief survey of a versatile and economical Air-
borne Electronic Terrain Map System whose high speed omnidirectional
sampling capability can support many different applications. Some




applications depend solely on navigational computer outputs, indepen-
dent of externally radiating sensors aboard the aircraft, while others
can combine or correlate information from onboard sensors such as radar
with the terrain map information.

The use of the electronic map in two types of terrain avoidance
displays, contour and true perspective, has been described. The true
perspective display will give a pilot an immediate visual picture of
the ground. True perspective plus additional flight symbology on a ‘
heads~up display would be a valuable aid in conditions of restricted
visibility, especially in the absence of radar. The system can allow ‘
the pilot to disengage the navigational computer and input his choice
of state vectors interactively; i.e., fly the display. The ability to ,
preview a dynamic picture of the terrain, along with target cueing sym- S
bology, would be useful in planning low-level strikes called while in !

|
{
|

the air.

Improved synergistic systems combining the unique features of the
electronic terrain map with various avionics sensors are foreseeable.
This is particularly true in low-level environments where much of the
terrain may be above the flight plane. An obvious, but useful, example
is the combination of terrain avoidance radar with the contour display
which could provide the missing information in areas of radar shadow.
Terrain map data plus radar altimeter could provide improved algorithms
for terrain following and contour navigation systems which are not con-
strained to pre-established ground tracks. Techniques for generating
true perspective could be used to predict approximate radar images.
These predicted images plus actual radar images plus pattern recogni-
tion techniques may enable radar navigational fixes to be automated.

What is applicable to piloted aircraft also applies to ground-based
systems. RPV's can be adversely affected by poor visibility or loss of
their video communication channels. The electronic terrain map can be
used in the ways described above to enhance RPV control and guidance
while providing a ready back-up for the video link., In flight simula-
tors, the electronic map can help reduce the equipment cost of genera-
ting terrain displays. Exploration of these and other applications has
been initiated.

In terms of circuit simplicity, speed, andvcost, the AETMS achieves
near-optimal efficiency. Although discussion has focused on avionics

applications, many other systems can profitably utilize the technology
described herein.
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(V) ASSESSMENT OF GaAs PASSIVATION AND ITSvAPPLICATIDNS
‘ Abstract - - |

Within the Air Force, there 1s a need for a d1g1ta1 pro-
cessing capability requ1r1ng clock rates greatly exceeding
those possible with even the most advanced silicon technology.
Projected 1980 to 1985 requirements for electronic warfare,
telemetry and digital communications cover the 1 to 10 GHz
clock frequency range. Progress is being made in fabricating
GaAs MESFETs for analog app11cat1ons and in deve1op1ng GaAs
digital MESFET integrated c1rcu1ts

One area of great 1mportance to th1s'techno1ogy is in
passivating the surface of the GaAs structure in order to:
(a) mechanically and chemically protect the device, (b) elec-
tr1ca11y control generation and recombination of charge car-
riers at the surface, and (c) improve the breakdown voltage
and the leakage current of diodes. Whereas in the silicon
technology, Si0, provides an excellent passivation layer, no
adequate pass1vat1on layer exists present]y for GaAs devices.
Consequgnt]y, surface pass1vat1on of GaAs is an area of active
researc

AFAL has been working in-house on GaAs pass1vat1on using
wet anodized films. These films are being investigated chemi-
cally with Auger and ESCA techniques. Electrical measurements
are performed to evaluate capacitance-voltage characteristics.
A transient photo-charge measurement technique was developed
to evaluate band bending at the semiconductor surface and to
determine the oxide capacitance. These measurements also
allow quantitative determination or charge 1nJect1on into the
insulator. S

A major effort will be devoted to fhe abp]1cat1on of this
passivation technology to active GaAs devices, espec1a11y to
GaAs MESFETs.
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I. INTRODUCTION:

Today's military electronic systems use Si integrated
circuits as the predominate active component due to the ad-
vanced status of development of this technology. -However, the

- speed and the frequency of operation. of these devices is

limited (Figure 1). There exist many applications within Air
Force systems, where higher speed or higher frequency of
operation of electronic circuits would significantly 1mprove

the performance of those systems (Figure 2). One example is:
radar signal processing, where higher resolution is proportional
to processing speed. Consequently, DOD and especially AFAL are
developing GaAs technology for high speed app11cat1ons

GaAs is a semiconductor much like silicon. However, the
electron . mob111§y of GaAs is approx1mate1y 5000 and whereas Si
is only 1000 cm~/volt sec, or in other words the GaAs mobility
is approximately five times that of Si (Figure 3M. This
advantage in electron mobility is directly reflected in the
speed of operation of GaAs devices. There exist many different
semiconductors with equal or even better electron mobilities
(Figure 4). However, GaAs technology has recejved a large
amount of development for different applications, such as:
lasers, detectors, LED's, and microwave devices. For these
reasons, much interest and fund1ng are expended in further
developing GaAs technology and it is, therefore, much further

'ahead of other compound sem1conductors

Due to the.d1fferent material -propertieS'of.Si and GaAs,
different types of transistors are utilized (Figure 5). In Si
technology, mainly bipolar transistors and insulated gate
field effect transistors are utilized. Due to the short life-
time of minority carriers (in the order of picoseconds), bi-
polar transistors cannot be built in GaAs. Furthermore, no
insulated gate field effect transistors of operational quality
are being fabricated due to limitations in the insulator. The
main technology of GaAs circuits is based on-Schottky barriers
or Metal-Semiconductor-Field-Effect-Transistors (MESFETS).

As indicated in Figure 5, MESFETS are formed utilizing
semiconducting GaAs islands on semi-insulating GaAs substrates.
The islands are formed either by epitaxial growth or by ion
implantation of suitable dopants into semi-insulating GaAs.

In operation, the gate voltage controls the conductivity of
the gate area. Typically, n-type GaAs islands are used, i.e.:
the mobile charge carriers are electrons. With zero volts
applied to the gate with respect to the source, the transistor
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conducts current between drain and source. However, when a
negative potential of minus three volts is applied to the
gate, the gate area is depleted or in other words, the elec-
trons are repelled from the gate area. Under this condition, -
no conductance exists between drain and source. This example
illustrates how the drain to source conductance can be con-
~trolled by the gate voltage. The gate represents a Schottky
-diode which is blocking with negative applied voltages; hence,
no gate current flows under normal operation of the device.

Considerable work is in progress to build integrated cir-
cuits in GaAs, utilizing MESFET technology. At present,
medium scale integrated circuits are being fabricated, consist-
ing of up to 100 gates. A typical circuit is a "divide-by-
eight counter" (F1g%re 6), which operates with input frequencies l
from d.c. to 8 GHz.“ Work is in progress to improve manufac-
turability, reliability, performance and dens1ty of these
c1rcu1ts o . , - ‘

One main problem with the GaAs techno]ogy is the absence
of a suitable insulator technology for surface passivation.
The main reason for the fast development of Si integrated cir-
cuits lays on the existance of an almost ideal Si based insul-
ator technology, namely: Silicon Dioxide (Si0 ) ‘This insul-
ator can be grown by thermal oxidation of the Si substrate in
an oxidizing atmosphere, such as dry oxygen (Figure 7). The
Si-Si0, interfaces can be pregared to be almost perfect, i.e.;
they c8ntain only minute (10'Y/cm2) surface state densities
(Figure 8). These insulators can be advantageously employed
in insulated gate field effect transistors and charge coupled -
devices. Furthermore, this insulator can be used to passivate
Si surfaces (Figure 9). One example is the passivation of
surfaces over p-n junctions to minimize surface leakage cur-
rents and to maximize breakdown voltages. Also, Si0O2 can be
utilized to passivate Si surfaces from chemical attack due to
gases and vapors. Finally, Si0, can be used as a doping
barrier during doping of specia% areas of the device, such as:
source and drain in a MOSFET. S ‘ '

Much work has been devoted towards establishment of an
acceptable insulator for GaAs devices. From these studies we
realize, that it is very unlikely that an universal insulator
technology will be found for GaAs which will be similar in all
or most respects to Si0p on Si (Figure 10). Hence work is

underway to develop specific insulators for specific requirements
in GaAs device technology. One area of critical importance
is the passivation of the area between drain and gate and
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between source and gate in GaAs MESFETs. The surfaces contain
large surface state densities which change their charge with

. the change in potential in the specific area. This charging
results in a reduction of amplification in these trans1stors,
especially at high frequencies. :

Consequently, AFAL is working on deve]oping a passivation
technology for GaAs MESFET application. Due to the complexity
of the problem, .a number of insulator technologies have been
evaluated and new analytical techniques have been studied
which are described in the following sections.

IT. INSULATOR FORMATION TECHNIQUES:

]. Deposited Films:

Deposited films of silicon oxide, silicon nitride,
silicon oxynitride and germanium nitride have all been studied.
In these experiments, a main concern is the compatibility. of
the insulating film with the GaAs substrate. First of all,
the adherence of the film to the substrate must be sufficient
to allow processing of the structure without 1iftoff of the
insulating film. Furthermore, the thermal expansion coefficients
must be sufficiently matched; prob]ems in this area cause
breakage of the GaAs substrate since GaAs is more brittle than
Si. In this respect, it is desirable to deposit these films
at not too high temperatures (say 250°C instead of 750° C) to
minimize damaging effects due to mismatch in the expansion co-
efficients. Advanced deposition techniques, such as: plasma-
enhanced deposition or photo-enhanced deposition techniques
are being used. . Of main interest is the establishment of an
insulator- semiconductor interface with suff1c1ent1y low sur-
face state dens1ty .

2. Thermal 0xidatibn'

Another approach being act1ve1y pursued is the
format1on of a thermal oxide but not necessar11y gallium or
arsenic oxide. 'The oxidation of GaAs requires temperatures of
approximately 500°C. At these temperatures, As,0, is vola-
tile, leaving Ga,0,, which appears as a po]ycry§t§111ne,
conductive film ga%her than an amorphous, 1nsu1at1ng film.

The reason for this is due to the fact that Ga is a conditional
rather than a primary glass former and requires another ele-
ment to form glassy material. Experiments on thermal oxida-
tion of GaAs P xindicate that the thermally formed oxides are
g]assy and 1ﬁsulat1ng One approach therefore, is to form a
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GaAs P surface layer on GaAs by fon iplantation of p and
subséqaeﬁtly to thermally oxidize this structure. The advan-
tage of this approach is that the semiconductor-insulator
interface is formed within the GaAs substrate and consequently,
this interface was at no time exposed and/or contaminated by
the atmosphere. In contrast, one of the main concerns with
deposited films is that the semiconductor surfaces become the
interfaces and consequently are contaminated to some extent.

A further approach for formation of insulating films
utilizes the anodic process; at present, most of our 1nsu1at1ng
films are prepared by wet anodization.

3. Aqueous Anod1c Oxidation:

When the semiconductor is inserted into an aqueous
solution with its high dielectric constant, the surface atoms
of the sem1conduct1ng material are dissolved into the 1iquid
as their ionic bonds are weakened. The atoms enter ihe liquid
as+mglt1p1e positively ionized species, such as Gat?t
As » leaving on the semiconductor surface an 1mmob11e nega-
tive charge which has to be neutralized by mobile holes from
the bulk of the semiconductor. After a second electrode is
placed as cathode electrode into the solution, the semiconduc-
tor can be employed as anode with a positive potential which
aids the hole flow to the semiconductor surface so that more
ions can be released. These ions travel towards the cathode.

If sufficient ions are released they form a dense
ionic cloud in front of the anode. This is particularly easy
if either the solubility or the diffusion coefficient of these
ions is reduced by the introduction of a suitable liquid into
the aqueous solution. It was found that some 11qu1ds are par-
t1cu1ar1y effect1ve, such as glycol.

The ions in this cloud will capture OH ions of the
aqueous solution, and with the simultaneous formation of H,O0,
are oxidized. It is likely that most of them will form we 1—
known oxides such as Ga,0, or A520 » Which will exceed a
density saturation 1eve? ?n this c?oud so that they begin to
precipitate against the semiconductor. An oxide layer begins
to get deposited thus. '

Further growth is now only possible if ionic trans-
port takes palce across the oxide. Each of the ionic species
has a threshold field for drift and a specific value of mobility.
With normal current densities applied across the semiconductor
surface which is immersed into the electrolyte, the fields
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across the ox1de and its interfaces are suff1c1ent1y high

for the motion of all ions, namely OH and the positively
ionized components of the semiconductor. However as the
mobility of OH™ is much smaller than that of the multiply
jonized components, the primary growth occurs at or near the
electrolyte-oxide interface. Unfortunately, the current
density cannot be reduced beyond a minimum value which is
different for each material. This value has sometimes been
called the dissolution current as it seems to agree with the
equ1va1ent cation current due to the dissolution of the oxide
in the electrolyte when no external current is applied. It
can be understood as the flow of those cations which, after
dissolution from the oxide, successfully leave the anode .
region. Only when this minimum current density is exceeded,
can growth take place. This means that with the electrolytes
known so far, native oxides on most III-V Compound Semicon-
ductors such as GaAs, can only be produced after exceeding the
drift threshold for all the ionic species involved.

: However, A1 and some other metals have a very small
dissolution current. After depositing a layer of such a metal
by evaporation on top of the semiconductor, this metal will
first be oxidized in the electrolyte. After it has been com-
pletely transformed, the oxidation of the semiconductor be-’
gins. For a high current dens1ty, the semiconductor components
drift as cations across the Al and native oxide of the
semiconductor appears to top o% %he A1,0 On the other hand,
for a lTow current dehsity the sem1conda %or components cannot
become mobile, and it is. only OH™ which crosses the Al .
Correspond1ng]y, native oxide of the semiconductor appg gs
only between Al and the semiconductor. It is therefore
'poss1b1e to prog ze various types of layered structures. It

is useful to consider this now systematically for various
types of dev1ce app11cat1ons .

The oxide growth can be undertaken e1ther with a
constant-current source or with a constant-voltage supply in
series with a sufficiently high series resistance in order to
limit the initial current density. A voltage supply without
such a Timiting resistance is not advisable as the initial
current density can easily become so high that hot spots and
other detrimental effects can occur during the initial stage
of growth so that a deterioration of the oxide quality appears.
A constant-current case would require a voltage measurement
between cathode and anode in order to monitor the growth pro-
cedure. A voltage and series-resistance agreement can enable
one to monitor the growth by measuring the current flowing
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across the electrolytic cell. For the relatively high final
growth voltages involved across most of the oxides of device
interest, it is not required to undertake the more refined
electrochemical potential measurements as these would then be
normally a negligible fraction of the applied vo]tage

It is possible to model the growth behav1or re]a-
t1ve1y satisfactorily by a simple treatment, provided that
precautions are taken for a uniform current density across the
semiconductor surface which is exposed to the electrolyte. By
way of example, this is to be outlined here for the constant-
voltage plus series-resistance arrangement. The treatment of
the other case of growth is very similar.

. The general current functions measured are shown in
Figure 11.0 A typical experimental set up is given in Figure
12, where it is also indicated that a light source is needed
in order to have sufficient holes available for the neutrali-
zation of the negative surface charge created by the removal
of positive cations. This illumination is particularly important
for n-type material where pract1ca11y no holes would be present
otherwise. Failing to provide a sufficient supply of holes
means that the space charge layer set up by the negative
surface charge caused by the departing cations absorbs a
substantial part, if not all, of the externally applied
voltage so that the oxide thickness will be much smaller than
that pred1cted by the model.

Recent exper1ments were performed also utilizing
non-aqueous anodic growth (rather than the above described
aqueous anod1c growth), utilizing an ammonium pentaborate
solution in ethylene glycol. Superior results were obtained
when Al films on GaAs were anodized in this solution.

q, Plasma Anodization'

We are now in the process of estab11sh1ng a p]asma
anod1zat1on growth facility. The plasma anodization will
result in less contaminated films than the wet anodized films
since gases are obtainable with less contamination content
than liquids. The attached Figure 13 indicates the setup for
plasma anodic growth.® An R.F. discharge creates an oxygen
plasma and oxygen ions or excited neutral oxygen atoms reach
the surface of the sample to be anodized. A voltage applied
to the sample creates an_electric field in the growing insul-
ator of approximately 106 v/cm which assists in the migration
of the ions, namely 0, Ga, As, and Al. Superior films have
been reported when Al f11ms on GaAs were formed.
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ITI. ANALYTICAL: TECHNIQUES

The insulating films on GaAs and their interfaces are
evaluated analytically for their mechanical stability, for
their chemical characteristics and composition and for their
electrical behav1or

The insulating films have to have adequate adherence to
the substrate. The films have to appear uniform on inspection
with a m1croscope, and 1iftoff, pee11ng of the film or rupture
of the substrate is not acceptable, since the- films have to
stand further processing such as heat treatment and immersion
into liquids, care must be taken that these processes don't
damage the films.

In recent years, instrumental techniques for chemical
analysis of thin layers have been greatly improved. A survey
of these techniques was recently presented by G. R. Larrabee.”
We have utilized optical characterization, X-ray Photoelectron
Spectroscopy (or ESCA):> Secondary Ion Mass Spectroscopy
(SIMS) and Auger Electron Spectroscopy (AES). To detail these
techniques and describe all of our results would be beyond the
scope of this presentation. However, to give an example of
the work involved, we describe here the AES experiment per-
formed in an ultra-high vacuum system (Fig 14).  The sample is
bombarded with electrons of several thousand electron volts
(keV) energy. These high energy electrons are able to jonize
atoms in the sample by knocking out electrons from inner
shells. Now electrons with higher energy can relax into the
empty state, thereby releasing a characteristic energy. This
energy is transferred to another electron which subsequently
is emitted into. vacuum where it is detected and its energy
measured and related to specific atoms. The attached Figure
15 indicates the results obtained showing the derivative dN/dE
signal vs. energy E.  Two different traces are shown indica-
ting different surface conditions. Simultaneous to the elec-
tron bombardment, the samples are bombarded with argon ions
with energies of several keV. These argon ions sputter off
the surface of the sample thereby profiling the fiim composi-
tion. Figure 16 presents such a profile of an anodized film
of Al on GaAs. On the abscissa the sputter time is presented
which relates to the distance from the film surface and on the
ordinate, the AES signal strength for the important species
are presented namely 0, Al, Ga and As. These data let us
understand the chemical composition of the film at different
locations and especially allow us to evaluate the chemical
composition in the insulator-semiconductor transition region.
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The most important studies evaluate the e]ectron1c
behavior of these films and their interfaces since adequate
electronic characteristics are required for proper device
performance. The most common technique is to measure capa-
citance as a function of voltage (C-V) for metal-insulator-
"semiconductor structures.® In general the sample is first .
biased to attract semiconductor charges to the interface or to
put the interface into accumulation (positive vo]tage for n-
type semiconductor). The capacitance measured then is that of the
insulator. Now the voltage is altered to a reverse position
(negative voltage for n-type semiconductor), causing depletion
of carriers -under the metal electrode. Hence the insulating
structure now consists of the depleted semiconductor and the
insulating oxide film, thereby decreasing the capacitance.
Figure 17 demonstrates a typical C-V characteristic for
anodized GaAs structures. Difficulties have been encountered
in interpreting these capac1tance characteristics, since
charge apparently is injected into the insulator and this
charge influences the capacitance values measured. In order
to better evaluate these measurements, we incorporated a
photopulse technique. In a pulse setup, we first put the
metal-insulator-semiconductor structure into depletion and
measure within 10 milliseconds the capacitance of the struc-
ture; we then shine a strong photopulse of approximately 4
milliseconds duration onto the sample, which causes the deple-
tion region to collapse and the generation of a voltage pulse
of the size of the surface potential. This method then allows
direct evaluation of the capacitance as a function of surface
potential, thereby eliminating the influence of the unquan-
tified charging of the insulator. These data can then be
analyzed theoretically to obtain information on doping concen-
tration. These transient-photo-measurement results can then
be applied to the C-V results to evaluate charging of the
films. We also measure the charging and discharging of the
sample under the above conditions to obtain direct information
on the capacitance of these structures.

IV. DEVICE APPLICATIONS:

A large amount of our future work will be concerned with
applying this passivation technology to GaAs MESFETs and GaAs
MESFET integrated circuits. Our first concern will be to
apply this technology to the areas between gate and drain and
between gate and source of MESFETs. Further use will be
“concerned with dielectric isolation of these MESFETs to S1mp11fy
processing and to improve density and performance of these
circuits. We will keep an open mind to consider at intervals
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the applicability of these passivation layers to deplefion
type insulated gate FETs as well as to GaAs Charge Coupled

Devices (CCDs).

Due to the very high'speed of -GaAs MESFET circuits
primary applications will be in very high speed logic
(i.e.: 10-18 GB/S) for radar signal processing, ECM,
satellite communications and computer applications. A major
impact will be from the fabrication of very high speed A/D
converters. Since GaAs integrated circuits will be premium
cost circuits, their use will be restricted to the highest
speed parts of the system or to special appllcations where
silicon circuits will not function.

If the development of this insulator technology progresses
far enough, MOSFET type devices may become feasible in GaAs
and these could be produced at lower cost due to their higher
density and lower power dissipation. It is unlikely, however,
that these GaAs MOSFET integrated circuits would ever be. '
cost competitive with silicon circuits at speeds where
silicon can“be used. :

Transferred electron devices are essentially ultra-
high speed switching devices which operate at picosecond
speeds with power dissipations of about 60 mW/gate and very
high field strengths to initiate a "high field domain"
which propagates down the device at ahout- 107 cm/sec.

Gate areas are typicallg about 20 mil® whereasTTL gates arg .
typically about 110 mil Sﬁhottky TTL gates about 126 mil
and ECL gates about 120 mil . The transferred electron effect
occurs in several III-V semiconductor materials (i.e.: GaAs
and InP) due to a bulk negative differential mobility caused
by the transfer of electrons from a: high mobility band to.

a low mobility band. Since TEDs are high field devices,
achievement of high fields with low leakage demands high

‘quality insulators for passivation of the surface in planar

processes. Likewise, the achievement of low noise at high
fields is critically dependent on 1ow leakage insulators and
passivation. .

One of the major applications of GaAs TEDs will be in
A/D converters. The performance of analog to digital converters
for ELINT applications is limited by the sampling aperture
width. GaAs TEDs will permit a 5 picosecond sampling aperture
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with TED comparators wh1ch would allow frequency components
up to 500 MHz with 6 bit resolution. Competitive tunnel diode
sample and hold circuits are limited to about 16 ps or
greater aperture. TEDs provide a 220% 1mprovement in band-
width.A noise threshold of 50-100 mV requires each level of
an A/D converter to be 200 mV or more, therefore, for 63
levels, this means at least 12.6 V input is required ‘into
the digital converter. This in turn requires high voltage
amplifiers with wide bandwidth (which are not currently
available). Suitable passivation should be able to cut down
this noise level and make these devices much more practical.
In general, the most fruitful applications for GaAs TEDs

are probably in the following areas: A/D and D/A converters,
frequency d1V1ders, latches, special purpose gates, shift
register memories, counters, and decoders.

GaAs CCDs show great potentlal for use in high speed
image sensors in the IR and visible regions ‘of the spectrum.
Since good detector devices can be 'built in .GaAs - the problem
of high speed image scanning could be solved with a minimum
of hardware, interconnects, and with high reliability at
low cost --- if an adequate CCD device with. high transfer
efficiency and low leakage can be fabricated. The dielectric
films for isolation and passivation of this device are ‘a key
technology for the success of this new device. Planar,
Schottky gate, buried channel CCDs require very narrow gaps
between the metal Schottky gates resulting in a conflguratlon
with relatively large areas of metal separated by narrow
gaps and substantially long lengths of the gap per transfer
stage. This configuration contrasts with MESFETs where
narrow stripes of metal are surrounded by large clear areas.
Two level metallizations with a large number of cross overs
per device require a deposited insulator with very low pin-
hole density and excellent step coverage as well as good
adhesion and dielectric strength. Currently.a plasma-enhanced,
deposited glassy dielectric . of proprietary composition is
being used to fabricate early experlmental GaAs CCDs (Figure
18). '

In summary, the passivation of GaAs surfaces with a
suitable high quality insulator is necessary to achieve low
surface state density, low leakage, and low noise in a
number of advanced new devices (such as:MESFETs, MOSFETs,
TEDs, and CCDs). Air Force applications of these new devices
will be primarily in premium cost, high speed circuits where
performance at above 10 GB/S is of paramount importance.
Many such applications exist within the Air Force in the:
areas of radar, ECM, satellite communications, high speed
computers and image sensors. Application of this advanced
technology can reduce the cost of critical parts of systems
where a large premium is paid for high performance.
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